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Abstract. The electron density proﬁles derived from the
EFW and WHISPER instruments on board the four Cluster
spacecraft reveal density structures inside the plasmasphere
and at its outer boundary, the plasmapause. We have con-
ducted a statistical study to characterize these density struc-
tures. We focus on the plasmasphere crossing on 11April
2002, during which Cluster observed several density irregu-
larities inside the plasmasphere, as well as a plasmaspheric
plume. We derive the density gradient vectors from simulta-
neous density measurements by the four spacecraft. We also
determine the normal velocity of the boundaries of the plume
and of the irregularities from the time delays between those
boundaries in the four individual density proﬁles, assuming
they are planar. These new observations yield novel insights
about the occurrence of density irregularities, their geometry
and their dynamics. These in-situ measurements are com-
pared with global images of the plasmasphere from the EUV
imager on board the IMAGE satellite.
Key words. Magnetospheric physics (plasmasphere) –
Space plasma physics (general or miscellaneous)
1 Introduction
The plasmasphere is a toroidal region in the inner mag-
netosphere populated by cold (a few eV or less), dense
(10–104 particles/cm3) ion and electron populations of iono-
spheric origin. It has been investigated by satellites and
ground-based instruments (Lemaire and Gringauz, 1998, and
references therein). The outer boundary of the plasmas-
Correspondence to: F. Darrouzet
(fabien.darrouzet@oma.be)
phere, the plasmapause, has been discovered independently
from ground-based whistler wave observations (Carpenter,
1963) and from in situ satellite measurements (Gringauz,
1963). It is often characterized by a sharp decrease in the
plasma density, from 100–1000particles/cm3 down to a few
particles/cm3. This knee is formed at an equatorial distance
ranging from 2 to 8Earth radii, depending on the level of the
geomagnetic activity.
The Cluster mission is the ﬁrst multi-spacecraft mission
that surveys the plasmasphere. This paper focuses on Cluster
observations of density structures. Before the Cluster mis-
sion, large ﬂuctuations in the electron number density had
been observed by OGO 5 (Chappell et al., 1970a), by CR-
RES near the plasmapause (LeDocq et al., 1994), by magne-
tospheric plasma analyzers on board geosynchronous satel-
lites (Moldwin et al., 1995), and by various other ground-
based and spacecraft instruments (see review by Carpenter
and Lemaire, 1997). Density structures had also been in-
ferred from high-resolution magnetometer data obtained dur-
ing the Earth swing-by of Cassini (Southwood et al., 2001)
by interpreting the magnetic ﬁeld strength variations as sig-
natures of diamagnetic plasma elements produced by the in-
terchange instability (Lemaire, 1975). More recently, small-
scale plasmaspheric density structures have been reported by
the Radio Plasma Imager (RPI) on board IMAGE (Carpenter
et al., 2002), and in the dusk sector by WHISPER on board
Cluster (D´ ecr´ eau et al., submitted, 2004 1). Large-scale den-
sity structures have also been observed in the past and called
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Fig. 1. Cluster electron density proﬁles derived from WHISPER
and EFW as a function of time for the plasmasphere crossing on 11
April 2002, around 21:30 MLT and with Kp=3. AIN and AOUT
are the plasmaspheric plume crossings in the inbound and outbound
passes, respectively, studied in Sect. 4.2, Z is the density irregularity
discussed in Sect. 4.3, and PPIN and PPOUT are the plasmapause
positions in the inbound and outbound crossings.
“detached plasma elements” or “plasmaspheric tails” (Chap-
pell et al., 1970b; Horwitz et al., 1990). Recently, such struc-
tures, now called “plasmaspheric plumes”, have been rou-
tinely observed by the global plasmaspheric imaging made
by the Extreme Ultraviolet (EUV) imager on board IMAGE
(Sandel et al., 2001; Goldstein et al., 2004). The formation
of these plumes has been predicted by different theoretical
models, based on a time dependent convection electric ﬁeld
(Grebowsky, 1970; Chen and Grebowsky, 1974), or based on
the interchange instability mechanism (Lemaire, 2000; Pier-
rard and Lemaire, 2004).
The purpose of this paper is to report density structure ob-
servations by Cluster in the plasmasphere. After presenting
the electron density data sets in Sect. 2, a statistical study
of the occurrence of density irregularities as a function of
magnetic local time (MLT) and geomagnetic activity will be
discussed in Sect. 3. Section 4 focuses on the plasmasphere
crossing on 11 April 2002, using WHISPER observations as
well as other instruments on board Cluster. Coordinated ob-
servations from EUV complement the Cluster data for this
event. Section 5 presents a summary and conclusions.
2 Electron density data set
The four Cluster spacecraft cross the plasmasphere near
perigee (around 4RE) every 57h (Escoubet et al., 1997).
These crossings go from the Southern to the Northern Hemi-
sphere and uniformly cover all MLT sectors due to the yearly
precession of Cluster. The electron density is obtained by
combining data from two experiments: the Waves of HIgh
frequency and Sounder for Probing Electron density by Re-
laxation, WHISPER (D´ ecr´ eau et al., 1997, 2001) and the
Electric Field and Wave experiment, EFW (Gustafsson et al.,
1997).
The WHISPER sounder unambiguously identiﬁes the
electron plasma frequency Fpe (the time resolution is 52s in
normal mode). Fpe is related to the electron density Ne by:
Fpe{kHz}∼[81Ne{cm−3}]1/2 (Trotignon et al., 2001, 2003).
Fpe can also be inferred from the WHISPER passive mea-
surements by estimating the low frequency cut-off of natu-
ral emissions, which is equal to Fpe (the time resolution is
2.2s in normal mode). EFW measures the potential differ-
ence Vsc between each antenna probe and the spacecraft (the
spacecraft potential) every 0.2s. The Vsc-Ne relationship is
nonlinear and depends mainly on the electron plasma state
(Pedersen, 1995; Laakso and Pedersen, 1998).
On a given Cluster perigee pass, the EFW measurements
can be calibrated using the WHISPER observations, so as to
infer 0.2s electron density data (Pedersen et al., 2001). This
calibration works well in the plasmasphere, but it is, how-
ever, only possible in regions where the frequency is below
80kHz, i.e. the upper frequency limit of WHISPER. Above
this instrumental threshold, Ne has been inferred from Vsc
only, using a method presented by Moullard et al. (2002).
Figure 1 depicts Ne as a function of time for the 11 April
2002 plasmasphere crossing; this particular event will be dis-
cussed in detail in Sect. 4.
In order to facilitate an intercomparison of the four Clus-
ter density proﬁles, a combination of the internal magnetic
ﬁeld model IGRF95 and the external magnetic ﬁeld model
Tsyganenko-96 (Tsyganenko and Stern, 1996) is used to
trace the magnetic ﬁeld line from the spacecraft position
to the geomagnetic equator. The IGRF95 and Tsyganenko-
96 models are computed with the Unilib library (Library of
routines for magnetospheric applications: http://www.oma.
be/NEEDLE/unilib.php/20x/index.html). The geomagnetic
equator is identiﬁed as the location where the magnetic ﬁeld
strength reaches a minimum. The geocentric distance of this
equatorial point is called Requat and is expressed in units of
Earth radii. We prefer to use Requat instead of the McIlwain
L parameter (McIlwain, 1961), since it is easier to interpret:
L varies along a magnetic ﬁeld line, except for a pure dipole,
whereas Requat is by deﬁnition constant along a ﬁeld line.
3 Occurrence of density irregularities
We have analyzed 33 plasmasphere crossings by the four
satellites, i.e. a total of 264 inbound and outbound plasma-
pause crossings. We have used the Kp index to evaluate
the geomagnetic activity level, as in most previous studies
of the plasmasphere. The plasmapause is assumed to be
formed in the midnight sector following the theory that in-
terchange motion is driven unstable along the Roche Limit
surface (Lemaire, 1975, 2001). To try to compensate for
the plasmasphere’s rotation, a time delayed Kp value is cho-
sen that corresponds to the time elapsed since the observed
structure passed the midnight meridian (assuming full co-
rotation). The instantaneous value of Kp is used when the
spacecraft are between 21:00 and 03:00 MLT, the maximum
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Fig. 2. Statistical results on the density irregularities observed dur-
ing all 264 plasmasphere crossings: (a) the number of events as a
function of the transverse equatorial size 1Requat (in km), (b) the
MLT distribution divided by the probability to have a MLT in each
range, (c) the Kp distribution divided by the probability to have a
Kp in each range (a cross means no data), and (d) the density ratio.
The red curves are exponential least-squares ﬁtting curves.
09:00 MLT, the maximum value in the previous 12h between
09:00 and 15:00 MLT, and the maximum value in the previ-
ous 18h between 15:00 and 21:00 MLT. In the remainder of
the paper, Kp will denote this time delayed value.
Our sample contains only a few plasmasphere crossings
for Kp≥4, in part because of the rather low probability
for such a high level of activity. The fact that the Cluster
spacecraft do not cross the plasmasphere for Kp≥6 conﬁrms
that in case of high geomagnetic activity, the plasmapause
forms closer to the Earth, below the Cluster perigee, which is
around 4RE. In any case, the spacecraft remain in the outer
plasmasphere.
Density irregularities have been deﬁned by a density de-
pletion ratio of at least 10%. Panel (a) of Fig. 2 gives the
occurrence of these irregularities as a function of their trans-
verse equatorial size 1Requat (in km). Panels (b) and (c)
show, respectively, the MLT and Kp distribution of the irreg-
ularities weighted by the MLT and Kp occurrence probabil-
ity. Panel (d) gives the density ratio.
This survey suggests that there are more density irregu-
larities in the dawn, afternoon and post-dusk sectors. It is
interesting to note that two of these sectors correspond to
the sectors where the plasmapause tends to be thicker. Irreg-
ularities rarely occur in the pre-noon and midnight sectors.
Their transverse equatorial size and density depletion ratio
distributions are exponential (following the red least-squares
ﬁtting curves on Fig. 2) with a characteristic size of 365km
and a characteristic density ratio of 20%. The larger ones
(in size) are observed when Kp is small (Kp<2). This is in
part due to the fact that large ones cannot exist for high Kp
since the plasmasphere then is small. For Kp below 2 (ﬁgure
Fig.3. OrbitofCluster3intheXYandXZGSEplanesindicatedby
asolidblackline, withtickmarksevery4h. Thedashedbluelinein-
dicates the position of the magnetopause and the bow shock is indi-
cated by the dot-dashed blue line. When inside the magnetosphere,
a magnetic ﬁeld line has been traced from each tick mark location
to the surface of the Earth or the magnetopause. Tracings parallel to
the ﬁeld (south-north) are shown in green and tracings anti-parallel
(north-south) in red. (Courtesy of Cluster ground-based working
group.)
not shown here), more density structures are observed in the
dawn sector, while most of them are found in the dusk sector
when Kp is above 2. As expected, there are more density
irregularities during and after periods of high geomagnetic
activity, suggesting that they are generated near dusk by vari-
ations in the magnetospheric convection electric ﬁeld. But as
mentioned before, our sample has few cases with high Kp
and is therefore biased in this respect.
Irregular density proﬁles are predicted by plasmaspheric
models that simulate the convection and reﬁlling processes,
like the CDPDM model (Galperin et al., 1997) and the self-
consistent RICE model (Spiro et al., 1981). Plasmaspheric
reﬁlling can produce density irregularities in the equato-
rial region (Singh, 1988; Singh and Horwitz, 1992). Turn-
ings of the interplanetary magnetic ﬁeld (IMF) inﬂuence the
convection and might be responsible for the formation of
density structures (Goldstein et al., 2002; Spasojevi´ c et al.,
2003); IMF orientation might therefore be a useful alterna-
tive parameter to analyse the density irregularities distribu-
tion. Plasma interchange motion can also create density ir-
regularities (Lemaire, 2001).
4 Case study (11 April 2002)
We have studied in more detail the plasmasphere crossing
on 11 April 2002, between 21:40 and 21:10 MLT and with
Kp=3. Thespacecraftseparationwassmall(around150km).
Figure 3 indicates the spacecraft orbits by a solid black line
with tick marks every 4h. The mean position of the mag-
netopause and of the bow shock is indicated by dashed and
dot-dashed blue lines, respectively. When inside the magne-
tosphere, a magnetic ﬁeld line has been traced from each tick
mark location to the surface of the Earth or to the magne-
topause.2580 F. Darrouzet et al.: Density structures inside the plasmasphere: Cluster observations
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Fig. 4. Electron density proﬁles as a function of Requat for the plasmasphere crossing on 11 April 2002. The lower four curves correspond
to the inbound pass and the upper four curves (shifted by a factor 10) to the outbound pass. The normal boundary velocities Vn of the plume
crossings AIN and AOUT are indicated on the ﬁgure.
Figure 4 plots the electron density proﬁles of Fig. 1 but
as a function of Requat as deﬁned in Sect. 2. The density
proﬁles for the inbound pass are shown by the lower set of
four curves and those for the outbound pass by the upper
set of four curves (shifted by a factor 10). A plasmaspheric
plume is seen in the inbound (AIN) and outbound (AOUT)
passes. In the outbound pass the plume is narrower in Requat
scale and is observed at higher Requat. A lot of irregulari-
ties are visible in the plasmasphere. There are more density
irregularities during the outbound pass (16) than during the
inbound one (10). It is difﬁcult to say if the four spacecraft
cross the same density structures in both hemispheres during
both passes, because we do not clearly recognize the same
patterns on both sides of the equator, except for the plumes.
There may be differences in the plasma density structures
over small distances (hundreds of kilometres) and/or these
structures may have changed over the time interval (tens of
minutes) between both crossings.
4.1 Analysis techniques
To study plasmaspheric plumes and density irregularities
with the Cluster constellation, we rely on two different four-
point techniques described in Sects. 4.1.1 and 4.1.2. These
are applied to the plasmaspheric plume traversals AIN and
AOUT in Sect. 4.2 and to the density irregularities inside
the plasmasphere in Sect. 4.3. In addition, we present in
Sect. 4.1.3 how the EUV experiment on board the IMAGE
spacecraft has been used to compare global images of the
plasmasphere with in-situ Cluster results.
4.1.1 Density gradient
We compute the density gradient along the trajectory of the
centre of mass of the Cluster tetrahedron. The method de-
scribed by Harvey (1998) and Darrouzet et al. (2002) is used.
The density gradient is determined from simultaneous mea-
surements of the density, postulating that the four points
of measurement are close enough to each other, so that all
spacecraft are embedded in the same structure at the same
time. The gradient can then be taken constant over the tetra-
hedron. The similarity of the four density proﬁles in Fig. 1
indicates that this assumption is approximately valid during
this crossing: The density differences between the spacecraft
come from small-scale irregularities, not large-scale.
The computation of a gradient is inherently a difﬁcult op-
eration: It involves differencing quantities of similar magni-
tude and thus results in large relative errors. To reduce such
errors, we ﬁlter away, prior to computing the gradient, any
variations at a time scale shorter than what we are interested
in, by smoothing the density proﬁles with a time resolution
of 20s (100km spatial resolution), which is the average time
delay between the spacecraft. Furthermore, when the den-
sity is close to an extremum, the density gradient should be
interpreted with caution.
4.1.2 Velocities
We distinguish in the following sections three different ve-
locities: normal boundary velocity, azimuthal plasma veloc-
ity and radial boundary velocity.
We derive the velocity of a density structure boundary in
the normal direction of the interface, Vn, with a time delay
method. Assuming a boundary to be a planar surface trav-
elling at a constant velocity along its normal, we determine
this velocity from individual spacecraft times and positions
of the boundary crossings.
If the plasma is only co-rotating, i.e. moving in the azi-
muthal direction, the normal boundary velocity, Vn, is theF. Darrouzet et al.: Density structures inside the plasmasphere: Cluster observations 2581
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Fig. 5. Electron density proﬁles as a function of time of the two plume crossings AIN and AOUT observed on the inbound and outbound
legs of the plasmasphere crossing on 11 April 2002.
projection of the azimuthal plasma velocity, Vp, on the nor-
mal boundary direction: Vn=Vpsinθ, with θ the angle be-
tween the normal and the outward radial direction.
The radial boundary velocity, Vr, which can be computed
from the displacement of the boundary of a structure in the
radial direction (at ﬁxed MLT), is also related to the normal
boundary velocity by: Vn=Vrcosθ.
4.1.3 EUV images
The Extreme Ultraviolet (EUV) imager on board the IMAGE
spacecraft (Burch, 2000) provides global images of the plas-
masphere with a spatial resolution of 0.1RE every 10min.
The EUV instrument works by detecting 30.4nm sunlight
resonantly scattered by singly ionized helium (Sandel et al.,
2000). Because of IMAGE high apogee (∼7RE) and the
EUV imager’s wide ﬁeld of view, images acquired at apogee
show the structure of the entire plasmasphere. Sequences
of such 2-D images show the shape of the plasmasphere, its
evolution over time, and the motion of plasma irregularities
at the plasmapause as well as inside the plasmasphere, illus-
trating the convection pattern.
The EUV images have been reprocessed to ﬁlter away the
noise(apparentashighfrequencyspatialvariationsintheim-
age)basedonthefactthatthelargerscaledensitydistribution
in the plasmasphere (and a fortiori the emission intensities
in the EUV images, which are line-of-sight integrations) is
rather smooth. Histogram equalization and an appropriate
color scale were used to improve the contrast in the images.
4.2 Plasmaspheric plume
The calculated normal boundary velocities Vn of the plas-
maspheric plume crossings AIN and AOUT shown in Fig. 4
range between 0.14 to 0.77km/s. The velocity of the space-
craft, 4.6km/s, is signiﬁcantly larger. The velocities along
the inbound pass are larger at the inner edge of the struc-
ture than at the outer edge, and also larger than those mea-
sured along the outbound pass. This is consistent with the
assumption of an azimuthal motion of the plume, and with
the topology of a plume getting thinner and extending farther
out at earlier MLT (see Fig. 12 in Spasojevi´ c et al., 2003).
Indeed the plume is crossed almost 2h later in the outbound
pass, and then it is observed to be thinner and at larger equa-
torial distance. The angle θ between the normal and the ra-
dial direction is between 20 and 70◦. This implies an azi-
muthal plasma velocity Vp of the structures between 0.3 and
1km/s. This is less than 30% of the co-rotation speed, which
is 3.2km/s at the spacecraft radial distance. This indicates
that these structures are not fully co-rotating, which is in
agreement with results from the EDI instrument (Paschmann
et al., 1997) on board Cluster in the same region (Matsui et
al., 2003).
Since the Cluster orbit remains roughly at the same MLT
during the whole crossing, we can estimate the radial bound-
ary velocity Vr from the displacement between the inbound
and outbound passes. The inner edge of this plume shifts
5100km in 110min, which corresponds to Vr=0.77km/s. θ
is 40◦ for this interface, which implies Vn=0.60km/s. This
speed is comparable to the 0.77km/s determined from the
timing analysis in the inbound pass. For the outer edge, Vr
is 0.42km/s, θ is 50◦, then Vn is 0.27km/s, which has to be
compared with 0.57km/s.
The density gradient analysis cannot be applied here. The
density proﬁles of both structures plotted as a function of
time in Fig. 5 show that the four spacecraft successively cross
the same structure, but they are never embedded in it at the
same time because the boundaries are too narrow and/or be-
cause the spacecraft are not close enough. The density pro-
ﬁles of the plume AOUT are very similar and are just shifted
in time. This structure apparently does not change much on
a time scale of 1min. The conservation of the crossing order
by the four spacecraft conﬁrms that this structure is mov-
ing progressively with respect to the spacecraft in the normal
direction. While the density proﬁles for AIN plotted as a
function of time on Fig. 5 seem to differ somewhat between2582 F. Darrouzet et al.: Density structures inside the plasmasphere: Cluster observations
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Fig. 6. EUV image at 04:32 UT on 11 April 2002. The image has
been smoothed by a spatial low frequency ﬁlter. Contrast has been
enhanced by means of a nonlinear color scaling based on histogram
equalization. The black circle corresponds to the approximate size
and position of the Earth, with its shadow extending towards the op-
posite direction to the Sun. The plume is delimited by the black line
and one density irregularity is indicated by the small black indenta-
tion. The white curve is the trajectory of the four Cluster satellites
between 3h before and 3h after the time of this EUV image, and
the red dot corresponds to the position of the Cluster spacecraft at
04:32 UT.
the spacecraft, the density proﬁles as a function of Requat in
Fig. 4 are much more similar, showing the usefulness of the
spatial equatorial view, which removes the time lag between
the four spacecraft, and also the differences in latitude. The
density gradient can be reliably calculated in the region be-
tween each plume crossing and the very perturbed plasma-
sphere proper. The values are very small, showing that the
medium is very uniform there.
Figure 6 shows an EUV image of the plasmasphere at
04:32UTon11April2002(aroundthetimingoftheinbound
crossing of the plume by the Cluster satellites). IMAGE was
then located high above the northern pole. The Sun is to-
wards the bottom of this picture and the size and location of
the Earth are indicated by the black circle, prolonged by the
Earth’s shadow extending through the plasmasphere in the
opposite direction of the Sun. The plume is delimited by the
wide black line. The black area in this image corresponds
to a data gap. The white curve is the trajectory of the four
Cluster satellites projected along a ﬁeld line onto the equa-
torial plane. The red dot corresponds to the location of the
Cluster spacecraft at 04:32 UT. It should be pointed out that
image intensities scale with line-of-sight densities that are
not necessarily projected onto the equatorial plane, but as the
satellite is located at high altitude above the pole, the plane of
06
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Fig. 7. EUV image at 06:04 UT on 11 April 2002 (same type as
Fig. 6).
view of the EUV instrument is close to the equatorial plane.
Therefore, the distances expressed in Requat are only approx-
imate.
At 21:40 MLT, the position of the plasmapause deter-
mined from the EUV picture (as the sharp boundary be-
tween the green and the blue part) is around Requat=4.7RE.
This is close to the plasmapause detection at 5RE by Clus-
ter at 04:55 UT. A plasmaspheric plume is clearly seen on
this ﬁgure in the post-midnight sector (between 01:00 and
03:00 MLT), with the centre extending from Requat=6.2RE
(where the plume is attached to the plasmasphere) to 6.6RE
(where it leaves the EUV ﬁeld of view) and with a trans-
verse size of about 1.4RE. Less pronounced is a structure
between 20:30 and 22:00 MLT, which might be the tail of
the plume, whereas there is a gap in the observation of this
supposed global plume on the EUV image. The centre of this
structure extends from Requat=6.7 to 7RE, and has a trans-
verse size of about 0.7RE. These EUV observations are con-
sistent with the large plume structure seen by Cluster in the
inbound crossing around 04:30 UT, at 21:40 MLT, between
Requat=6.2 and 7.2RE, and in the outbound crossing around
06:20 UT, at 21:10 MLT, between Requat=6.9 and 7.7RE.
The fact that this feature is not so clearly seen in the evening
sector is due to its low density, close to the EUV threshold
density of 40±10particles/cm3, as estimated by Goldstein et
al. (2003). This is consistent with the densities measured by
Cluster. The density decrease from the inbound to the out-
bound pass (2h later) is also consistent with being in the tail
of the plume. Figure 7 is of the same type as Fig. 6, but
at 06:04 UT. The plume is still present in the post-midnight
sector, and it has rotated during the 90min between the two
pictures.F. Darrouzet et al.: Density structures inside the plasmasphere: Cluster observations 2583
The shape of the plume in the EUV images is consis-
tent with the topology of the plume deduced from Cluster
measurements in terms of position, size and intensity. It is
surprising to observe such a long and long-lived structure
in this low to moderate geomagnetic situation. Cluster and
IMAGE provide complementary views of the plasmasphere,
each with its own point of view and different time and space
resolution.
4.3 Density irregularities inside the plasmasphere
As an example of density irregularities inside the plas-
masphere, we focus on a small structure observed around
05:30 UT (indicated on Figs. 1 and 4 by the letter Z). Being
close to the equator at that time, the trajectories of the four
spacecraft are almost parallel to the magnetic ﬁeld. The den-
sity gradient is parallel to the XY plane (Fig. 8) and nearly
perpendicular to the magnetic ﬁeld (its projections onto the
plane of reference are shown by black arrows in this ﬁgure).
This density gradient lies in the equatorial plane, as expected
for a density structure close to the equator.
The normal boundary velocity of the inner interface of this
plasma element, as determined from the time delay method,
is Vn=1.90km/s. Its projections onto the GSE planes (orange
arrows on Fig. 8) show a large component in the X-direction.
This density irregularity being observed well inside the plas-
masphere, at 4.5RE, the assumption of azimuthal motion is
justiﬁed. The angle θ between the direction of the density
gradient, which is the normal direction, and the radial direc-
tion, is 55◦. The measured Vn then implies an azimuthal
plasma velocity Vp=2.3km/s, which is essentially the co-
rotation speed at this equatorial distance (2.1km/s). The
same result is obtained for the outer part of this density irreg-
ularity (2.2km/s). That conﬁrms that this density element is
indeed fully co-rotating. This is consistent with the EDI drift
velocity statistical analysis (Matsui et al., 2003). These re-
sults are also in agreement with velocity measurements from
the CIS experiment (R` eme et al., 2001), in the RPA mode
(ion energies from about 0 to 25eV) that show a motion of
the density irregularities inside the plasmasphere in the co-
rotation direction (Dandouras, 2003, personal communica-
tion).
The order of crossing by the four spacecraft is the same
in the inbound and in the outbound crossing, which means
that the structure is simply rotating with the plasma around
the Earth. Repeating the same analysis for several other den-
sity irregularities, we conclude that most of them move with
an azimuthal velocity between 1.5 and 2km/s in a direction
that has a small Z-component, which coincides more or less
with the co-rotation velocity. It is interesting to note that the
STAFF experiments on board Cluster (Cornilleau-Wehrlin et
al., 2003) observe a good correlation of whistler-mode emis-
sions with these density irregularities.
The density irregularities observed with WHISPER inside
the plasmasphere are not clearly seen at the same time in the
EUV image (on Figs. 6 and 7) because of the spatial resolu-
tion of the EUV instrument, which cannot resolve structures
B
B
B
Vn
Vn
Vn
Fig. 8. Density gradient vector projections onto the XY, YZ, and
XZ GSE planes for the density irregularity Z observed in the plas-
masphere on 11 April 2002. B is the magnetic ﬁeld and Vn is the
normal boundary velocity of the inner edge of Z. The density of the
four spacecraft is plotted as a function of time in the lower right
panel.
with a size smaller than 0.1RE, and because of the line-of-
sight integration. The EUV images clearly show co-rotating
plasmapause indentations (as indicated on Figs. 6 and 7), but
it is difﬁcult to ascertain the correspondence with structures
observed by Cluster.
5 Summary and conclusion
Over 260 Cluster plasmasphere crossings have been exam-
ined in this ﬁrst analysis. Density irregularities are often,
though not always, seen in the plasmasphere and at the
plasmapause. Their existence makes the identiﬁcation of the
actual plasmapause knee more difﬁcult. The density irregu-
larities have a transverse equatorial size that is exponentially
distributed, with a characteristic value of 365km going up
to 5000km. They have a characteristic density ratio of 20%.
There are more density irregularities when the level of geo-
magnetic activity is higher. There seems to be an MLT asym-
metry in their distribution. All these results show that the
plasmasphere is a much more complex and dynamic region
than considered so far from earlier experimental observations
as well as from some early theoretical models and MHD
simulations.
In a case study of the plasmasphere crossing on 11
April 2002, with small separation between the four Clus-
ter spacecraft and with a good conjunction with the IMAGE
spacecraft, a large plasmaspheric plume is observed outside
the plasmasphere. This large-scale feature persists during a
long period of time, but its width and position change be-
tween the inbound and the outbound passes. This evolution2584 F. Darrouzet et al.: Density structures inside the plasmasphere: Cluster observations
can be explained by the azimuthal motion of a plume that
becames thinner and extends farther out at earlier MLT. This
plasmaspheric plume topology is conﬁrmed by EUV images.
This case study also revealed many density irregulari-
ties inside the plasmasphere, which are mostly co-rotating
around the Earth. Co-rotating density structures are also seen
by EUV on board IMAGE. These results are in agreement
with observations from other instruments on board Cluster
(CIS and EDI). The density gradients in these irregularities
are perpendicular to the magnetic ﬁeld in the equatorial re-
gion, showing that these irregularities are ﬁeld aligned. We
observe small-scale variability in the density proﬁles from
Cluster, both spatially and temporally.
As expected, there are more density irregularities during
and after periods of high geomagnetic activity, likely related
to the mechanism of their formation. Once created, these
structures are partially or fully co-rotating around the Earth.
For the event studied, the IMF Bz turned southward and
northward several times in the hours and day preceding the
crossing. This could have been a trigger to form the density
structures reported here.
A more complete statistical analysis is needed to conﬁrm
these preliminary conclusions. Indeed, a larger sample of
plasmapause crossings is needed for this purpose. This ana-
lysis will be performed in the mid-term future over the full
Cluster database.
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